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The stereodynamics of the Ar þ NO ( j¼ 0) rotational inelastic excitation has been investigated at 66 meV by
means of quasiclassical trajectories on a recent ab initio potential energy surface. A marked correlation between
the preferred sense of rotation of NO and the scattering plane is obtained for the highest rotational levels
accessible, which are excited in strong repulsive collisions. This result is in qualitative agreement with recent
quantum mechanical calculations and experimental measurements. For the lower rotational levels, where the
interactions are not so repulsive, the preferred sense of rotation is found to oscillate with scattering angle, but
the intensity of the oscillations is small and their angular range is not entirely coincident with those from
quantum mechanics and experiment. Classical dynamics, even including attractive interactions, cannot account
properly for the mentioned oscillatory behaviour. Secondary encounters between the outgoing Ar atom and NO
molecule, giving rise to ‘chattering’, are found to be relatively frequent, leading to a decrease in the ﬁnal
rotational energy of NO with respect to that attained in the ﬁrst encounter. Chattering trajectories are deﬁned
and their mechanism is characterized.
I. Introduction
As pointed out since the seventies by Herschbach and co-
workers1–4 the correlations between the vector quantities
(relative velocities and angular momenta) characterizing colli-
sions between atoms and molecules provide a unique insight
into the dynamical properties of these systems. The simplest
correlations are those between pairs of vectors. Among them
the most familiar one is that between the velocity vectors
before k and after k0 the collision, which corresponds to the
diﬀerential cross section (DCS).
Three and four vector correlations carry also valuable
information about the details of atom–diatom collisions, espe-
cially those relating the various angular momenta (rotational
or orbital before or after the collision) to the k–k0 plane.
However the dynamical implications of these correlations are
not so straightforward, and their experimental determination
is diﬃcult.
The theoretical formalism for the study of vector correla-
tions in molecular collisions was developed over the nineties by
various groups that applied both quasiclassical trajectories
(QCT) and quantum-mechanical (QM) methods to derive
relevant stereodynamical properties susceptible of experimen-
tal investigation.5–12 Miranda et al.13 presented a uniﬁed QM-
QCT treatment and demonstrated the equivalence between the
two approaches. In parallel with these theoretical progress,
diﬀerent experimental schemes based on the use of polarized
lasers, were implemented in various laboratories and yielded a
wealth of data on the stereodynamics of diﬀerent elementary
collision processes.14–29
In recent works30,31 rotational orientation and alignment in
the inelastic NO þ Ar scattering have been experimentally
investigated at a collision energy ofE66 meV with a combina-
tion of polarized lasers, multiphoton ionization probing and
velocity-mapped ion imaging detection. Wade et al.31 have
measured the collisional-induced alignment of the rotational
angular momentum of NO and have found good agreement
between the experimental alignment moments for low rota-
tional excitation and the results of theoretical calculations
performed on the CCSD(T) potential energy surface (PES) of
Alexander.32,33 For the higher excited levels the agreement
deteriorates. The authors of this work have stressed the
importance of taking into account alignment eﬀects in order
to derive the proper diﬀerential cross sections from the experi-
mental data. On the other hand, Lorenz et al. have reported a
direct measurement of the preferred sense of NO rotation after
collision with Ar. This was the ﬁrst experimental observation
of molecular rotational orientation in individual bimolecular
collisions. The sense of rotation of the inelastically scattered
NO molecules was found to vary with deﬂection angle and to
be strongly dependent on the ﬁnal rotational state. For the
lower j 0 values the sense of orientation was seen to oscillate
with deﬂection angle, whereas for the highest NO j 0 states
allowed, a marked preference for a given sense of rotation was
obtained. Quantum calculations on the mentioned CCSD(T)
PES32,33 could account for the angular behaviour of the sense
of rotation just described. Classical calculations using a simple
potential model in which the NO molecule is taken as a rigid
ellipsoid, suggested that multiple-encounter (‘‘chattering’’) col-
lisions could play an important role in the deﬁned sense of
rotation observed in the highest j 0 levels, but could not account
for the alternating sense of rotation observed in the lower ones.
Neglect of the attractive part of the potential or absence of
interferences (e.g. between direct and ‘‘chattering’’ collisions
leading to the same j 0) in the classical model were suggested as
possible causes of the failure to reproduce the oscillating
behaviour.
w Electronic supplementary information (ESI) available: Fig. 3 in
colour. See http://www.rsc.org/suppdata/cp/b4/b409607j/
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These ﬁndings and the availability of an accurate potential
energy surface for Ar þ NO in the range of energies relevant
to the experiments32,33 provide a strong motivation for a
detailed QCT investigation of the stereodynamics of Ar þ
NO inelastic collisions specially if one considers the equiva-
lence between the QM and QCT formulations mentioned
above13 and the good dynamical insight provided by the
classical approach. In this work we present a global QCT
study of the most relevant vector correlations for this system.
The results are discussed and compared to the recent experi-
mental and QM data on the rotational orientation of NO after
collision with Ar.
II. Method
The QCT calculation method is essentially the same as used in
a previous work on this system;34 it is described in various
articles35–37 and only the speciﬁc details pertaining to the
present study will be given here. A total number of 470 000
trajectories have been calculated on the Vsum PES of Alexan-
der32 for a collision energy, Ecol, of 532 cm
1 (66 meV) and for
the v ¼ 0, j ¼ 0 internal state of NO(O ¼ 1/2). The Vsum
surface, which is the form convenient for the description of the
adiabatic (DO ¼ 0) nuclear motion, is deﬁned as:38
Vsum(R;W) ¼ 0.5[VA00(R,W) þ VA0(R,W)] (1)
where R is the distance between the atom and the center of
mass of the molecule and W is the angle between R and the
direction of the internuclear distance, r. The subindices A0 and
A00 correspond to the two lowest CCSD(T) ab initio electronic
states of the ArNO system.32 During the integration of the
classical equations of motion, the rigid rotor constraint (r ¼
constant) for NO was introduced by the method of Lagrange
multipliers.34,39,40 For the assignment of the ﬁnal rotational
quantum number, j 0, of NO the square of the classical angular
momentum, j02, is equated to j 0(j 0 þ 1)/h2. The values of j 0 thus
obtained are then rounded to the nearest integer.
In order to determine the value of the maximum impact
parameter, bmax, to be used in the calculations, the change in
rotational quantum number Dj with impact parameter was
monitored. The impact parameter was increased until no
trajectories leading to Dj 4 0.5 were found. With this proce-
dure a value of 6.3 A˚ was derived for bmax.
The reference frame we will use throughout this paper is
that in which the z axis is parallel to the initial relative
velocity vector, k, and xz is the scattering plane containing
the initial and ﬁnal relative velocity vectors k, k0 with the y axis
in the k  k0direction; see Fig. 1. In this frame y is the
scattering angle (i.e. the angle between k and k0) and yj 0
and fj 0 are the polar and azimuthal angles of the ﬁnal rota-
tional angular momentum, j0, and the azimuthal angle of the
initial orbital angular momentum, l, is fl. The angle between l
and j0 is ylj0.
The classical description of polarized angular momenta is
the joint probability density function (PDF), P(y,yj 0,fj 0), whose
value gives the relative probability of inelastic scattering into
an angle y, when the j0 vector points along the direction deﬁned
by the yj 0 and fj 0 angles. This function can be expanded in
terms of complex conjugate of the modiﬁed spherical harmo-
nics.13 The expansion reads
Pðy; yj0 ;fj0 Þ ¼
X1
k¼0
Xk
q¼k
2kþ 1
4p
2p
s
dskq
do
 
Ckqðyj0 ;fj0 Þ ð2Þ
where the y-dependent expansion coeﬃcients, (2p/s)(dskq/do),
are the polarization dependent diﬀerential cross sections,
PDDCS. In particular, the (2p/s)(ds00/do) PDDCS is the ﬂux
normalized diﬀerential cross section.
By integration of this equation over all scattering angles, we
obtain the classical probability density function of ﬁnding the
vector j 0 pointing along the direction speciﬁed by the yj 0,fj 0
angles, integrated over the scattering angle, P(yj 0,fj 0).
Pðyj0 ;fj0 Þ ¼
X1
k¼0
Xk
q¼k
2kþ 1
4p
aðkÞq C

kqðyj0 ;fj0 Þ ð3Þ
where the y independent polarization parameters, aq
(k), are
given by
aðkÞq ¼
Z 1
1
2p
s
dskq
do
d cos y ð4Þ
Another distribution function to be considered is the condi-
tional probability density function, P(yj 0, fj 0 |y), which gives
the relative probability of ﬁnding the j0 vector along the
direction speciﬁed by the yj 0 and fj 0 angles when the scattering
is at angle y.5,13 It can be written as:
Pðyj0 ;fj0 jyÞ ¼
X1
k¼0
Xk
q¼k
2kþ 1
4p
dskq=do
ds00=do
Ckqðyj0 ;fj0 Þ ð5Þ
These expansion coeﬃcients, the renormalized PDDCSs, are
given by:
rfkgq 
dskq=do
ds00=do
¼
Z 2p
0
Z 1
1
Pðyj0 ;fj0 jyÞCkqðyj0 ;fj0 Þ d cosðyj0 Þ dfj0 ð6Þ
Therefore they are the conditional expectation values of
Ckq(yj 0,fj 0) at the scattering angle y.
Because all these expansion coeﬃcients (the PDDCSs, the
polarization parameters and the renormalized PDDCSs) are, in
general, complex quantities we have used the Hertel–Stoll
Fig. 1 Top: Diagram of the k–k0 scattering frame showing the
relevant angles in the various vector correlations. The scattering angle
is y and the direction of the product rotational angular momentum are
given in this frame by the angles yj0, fj0, and that of the orbital angular
momentum by fl. Bottom: Diagram showing two ideal coplanar
trajectories in which the scattering plane k–k0 is represented with
respect to the direction of the orbital angular momentum, l. If the
value of fl is known it is possible to discern between trajectories with
positive and negative deﬂection angles, w, for the same value of the
scattering angle (y¼ |w|).
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convention13 to deﬁne the corresponding real expansion coeﬃ-
cients, a{k}q :
a
fkg
qþ ¼
1ﬃﬃﬃ
2
p ð1ÞqaðkÞq þ aðkÞq
h i
ð7Þ
afkgq ¼
1
i
ﬃﬃﬃ
2
p ð1ÞqaðkÞq  aðkÞq
h i
ð8Þ
a0
{k} ¼ a0{k} (9)
with similar expressions for the real PDDCSs and renormalized
PDDCSs.
For nonchiral systems, the nonvanishing real polarization
parameters and PDDCSs are: (i) with k odd and component
q, and (ii) with k even and component either zero or qþ.
To calculate these stereodynamical parameters, we remind
that the real PDDCSs can be expressed as a series of modiﬁed
spherical harmonics:5,13
2p
s
dskq
do
¼ 1
2
X
k1q
ð2k1 þ 1Þsk1fkgqCk1qðyj0 ; 0Þ ð10Þ
where the coeﬃcients sk1fkgq are given by
sk1fkgqþ ¼
ﬃﬃﬃ
2
p
Ck
1
qðy; 0ÞCkqðyj0 ; 0Þ cosðqfj0 Þ
D E
¼
ﬃﬃﬃ
2
p 1
Nj0
XNj0
i¼1
Ck
1
qðyðiÞ; 0ÞCkqðyðiÞj0 ; 0Þ cosðqfðiÞj0 Þ
ð11Þ
sk1fkgq ¼
ﬃﬃﬃ
2
p
Ck
1
qðy; 0ÞCkqðyj0 ; 0Þ sinðqfj0 Þ
D E
¼
ﬃﬃﬃ
2
p 1
Nj0
XNj0
i¼1
Ck
1
qðyðiÞ; 0ÞCkqðyðiÞj0 ; 0Þ sinðqfðiÞj0 Þ
ð12Þ
s
k1
fkg0 ¼ Pk1 ðcos yÞPkðcos yj0 ÞÞ
D E
¼ 1
Nj0
XNj0
i¼1
Pk
1
ðcos yðiÞÞPkðcos yðiÞj0 Þ
ð13Þ
where y(i), y(i)j 0 and f
(i)
j 0 are, respectively, the scattering angle and
the polar angles of j0 for the ith trajectory andNj 0 is the number
of trajectories ending in a speciﬁc rotational state of the
NO molecule. In particular, the DCS, corresponding to k ¼ 0,
q ¼ 0, is calculated as series in Legendre polynomials
whose coeﬃcients are the Sk1{0}0 of the last equation.
The nonvanishing real polarization parameters are calcu-
lated as
a
fkg
qþ ¼ ð1Þq
ﬃﬃﬃ
2
p
Ckjqjðyj0 ; 0Þ cosðqfj0 Þ
D E
; k ¼ even ð14Þ
afkgq ¼ ð1Þq
ﬃﬃﬃ
2
p
Ckjqjðyj0 ; 0Þ sinðqfj0 Þ
D E
; k ¼ odd ð15Þ
a{k}0 ¼ hPk(cosyj 0)i, k ¼ even (16)
Finally, the two vector-correlation (k–j0 and l–j0) can be
obtained as an expansion in Legendre polynomials character-
ized by the angles yj 0 and ylj0 respectively.
5,13 In particular, the
P(cos yj 0) distribution can be written as:
Pðcos yj0 Þ ¼ 1
2
X1
k¼0
a
fkg
0 Pkðyj0 Þ; k ¼ even ð17Þ
and a similar expression for the l–j0 correlation in terms of
cos ylj0 that contains, however, even and odd terms.
The dihedral angle distribution of the k–k0–j0 and k–l–k0
three-vector correlation, P(fj 0) and P(fl), for inelastic trajec-
tories are calculated by expansion in a Fourier series.5,9 The
P(fj 0) is given by
Pðfj0 Þ ¼
1
2p
1þ
X1
n even2
an cos nfj0 þ
X1
n odd1
bn sin nfj0
" #
ð18Þ
The coeﬃcients an and bn of this Fourier expansion can be
written in terms of the real polarization parameters, a{k}q , and
can be calculated as
an ¼ 2hcos nfj 0i (19)
bn ¼ 2hsin nfj 0i (20)
In all these equations, the brackets indicate the averaging over
all trajectories leading to a speciﬁed rotational ﬁnal state.
It must be remarked that eqns. (2), (3), (5), (17) and (18)
correspond to the purely classical description of the polariza-
tion of the rotational angular momentum in terms of the
classical angles yj 0 and fj 0, which deﬁne the direction of j0.
Very recently, however, a theoretical treatment for the quantal
spatial distribution of angular momenta has been developed in
terms of states of minimum uncertainty, which allows to deﬁne
population distribution functions41 and overcomes the limita-
tions of the widely used vector model. It emerges from this
treatment that, apart from dynamical eﬀects, classical and
quantum mechanical polarization moments can be directly
compared, but the prescription for a uniﬁed description and
representation of the angular momentum distributions implies
the introduction of the Clebsch–Gordan factor hjj,k0|jji. Since
the present calculations are purely classical, we will not use this
prescription in this work in spite of the limitations resulting
from the adoption of the vector model.
III. Results and discussion
The only rotational angular momentum relevant for the ex-
periments under consideration30,31 is that of the collision
products, j 0, since the NO molecules are initially in their
ground rotational state and implicitly the NO is considered
as a closed shell molecule.
A summary of the lower orientation and alignment polar-
ization moments (k r 2) in the k–k0 frame, averaged on the
scattering angle, y, is represented in Fig. 2 as a function of j 0.
The a{1}1 parameter contains information about the orienta-
tion of j0 along the y-axis (orientation moments correspond to
k odd, whereas alignment moments are those with k even). Its
value is represented as a function of j 0 in the upper panel of this
ﬁgure, and stays relatively close to zero for all the j 0 values,
showing that there is not a strong orientation of j0 along the
y-axis. For the lowest j 0 values this parameter is slightly
positive indicating a certain preference for orientation parallel
to y (i.e. along the positive y-axis); for j 0 4 6 the tendency is
inverted, and for j 0 4 14 reaches a negative value, which is still
far from the limiting value of 1 for this moment. The
parameter a20, which represents the alignment with respect the
initial relative velocity, is initially positive, then zero for j 0 ¼
3–6 and ﬁnally tends to its lowest (i.e.most negative) limit with
increasing j 0. Therefore, for the highest rotational levels, j0 has
a marked propensity to be aligned perpendicular to z ¼ k. The
a{2}1þ parameter contains information on the preference for j0 to
be aligned along the (x þ z)-axis (positive values) or along the
(x z)-axis (negative values), that is the tilting of j0 with respect
to xy and yz planes. Its value is positive for all j 0, thus
indicating a certain tendency of j0 to be aligned parallel with
respect to xþ z. Finally, the a{2}2þ polarization parameter gauges
the relative preference for j0 alignment along the x-axis with
respect to the y-axis. Its value is always negative fromE 0.4
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to zero with increasing j 0, indicating a decreasing tendency
towards alignment of j0 along the y-axis. The classical and
quantum mechanical deﬁnitions of these polarization moments
and their limiting values are given in Tables I and II of ref. 13.
For subsequent reference, it must be noticed that the deﬁni-
tions and limiting values diﬀer by a constant factor from those
of in ref. 31. Given the deﬁnitions adopted in the latter
reference, their classical limits for a{2}0 are [–1, 2] and those
for a{2}2þ are 1. In the present work, as well as in ref. 13 the
corresponding limits are [1/2,1] and O3/2, for the 20 and
22þ moments, respectively. In addition, it should be remarked
that the actual limiting values of these polarization parameters
in the quantum (experimental) case depend on the value of j 0.
A graphical summary of the polarization behaviour com-
mented on in the previous paragraphs can be found in Fig. 3,
where the classical distributions of the direction of j0 are
represented for chosen values of j 0 as polar plots. To calculate
these distributions the polarization moments up to k ¼ 2j (the
maximum value allowed quantum mechanically) have been
used (see ref. 41). This ﬁgure shows a distinct evolution in the
distribution of j0 with growing rotational quantum number.
For j 0 ¼ 2, the vector j0 is predominantly contained on the yz-
plane with a higher probability to point towards the þy-axis.
For the j 0 ¼ 6 and j 0 ¼ 10 intermediate levels considered, j0
becomes more strongly polarized along the y axis and strongly
tilted along the (x þ z). As j 0 grows even further the distribu-
tions become increasingly ﬂatter lying on a plane which is still
tilted with respect to the xy-plane, and have some preference
for the negative direction of the y-axis.
The classical probability distributions of cos yj 0, that is of the
cosine of the angle between j 0 and the direction of the initial
relative velocity of the Ar þ NO colliding pair, k, are shown in
the left panel of Fig. 4 for a series of j 0 values. These distribu-
tions contain only terms with k even and q ¼ 0 (thus symmetric
with respect to yj 0 ¼ 901). For j 0 ¼ 2 the j0 vector can form any
angle with k but shows a certain preference for a parallel or
antiparallel orientation, with increasing j 0 the distribution
becomes more isotropic and for j 0 4 10 parallel and antipar-
allel orientations begin to disappear. For j 0 ¼ 15, which is close
to the limit energetically allowed, the angle between k and j0 is
constrained to the 601–1501 angular interval and nearly iso-
tropically distributed within this range.
The right panel of the same ﬁgure displays the corresponding
dihedral angle classical distributions P(fj 0) of j0 in the k–k0
frame (see Fig. 1). In contrast with the P(cos yj 0), the P(fj 0)
distribution contains information about k-odd moments as
shown in section II. The marked dependence of this distribu-
tion on the ﬁnal rotational state of NO is manifest in this
ﬁgure. For the lowest excited state shown, j 0 ¼ 2, the distribu-
tion has a pronounced narrow peak centered at fj 0 ¼ 901, and
a smaller and broader maximum at fj 0 ¼ 2701 (i.e. j 0 is
preferentially oriented along the positive y axis of Fig. 1). This
asymmetry in the P(fj 0) distribution, reﬂects a preferential
orientation of j 0 and implies that the majority of NO molecules
excited to j 0 ¼ 2 in the course of the collision undergo
counterclockwise rotation with respect to the k–k0 plane. With
increasing j 0, the maximum around 2701 becomes gradually
more important, reﬂecting a growing amount of NO excited
Fig. 2 First four real polarization parameters a{k}q , 11, 20, 21þ and
22þ (see text) for Ar þNO(j¼ 0)-Ar þNO (j0) as a function of the j0
ﬁnal states. The deﬁnitions of these polarization parameters in terms of
the components of j0 are also indicated in the ﬁgure. The ranges of the
vertical axes coincide with limits of the classically allowed values of the
corresponding polarization parameters.
Fig. 3 Polar plots of the distributions of the j0 vector in the scattering
frame (k along the z-axis and y-axis parallel to k k0) for several ﬁnal j0
states of the NO molecule. These plots represent the polarization of
j0 averaged over scattering angles.
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molecules rotating also clockwise with respect to the scattering
plane, and the peak at 901 gets broader. For the highest
rotational level considered, j 0 ¼ 15, the P(fj 0) distribution
has a large isotropic character with a broad maximum around
2701 and a shallow minimum around 901.
The correlation between the initial orbital angular momen-
tum vector l and the rotational angular momentum of the
outgoing NO molecule provides a most interesting clue about
the reaction mechanism. The left column of Fig. 5 shows the
distribution of angles between l and the rotational angular
momentum of NO after the collision. In all the cases shown,
both vectors are predominantly parallel, but for the three lower
values considered there is also a signiﬁcant amount of anti-
parallel orientation. For j 0 ¼ 15 the antiparallel orientation
is practically lost. The right part of this ﬁgure displays the
distribution of the dihedral angle fl between the (k–k0)- and
(k–l )-planes. For j 0 ¼ 2 the distribution has two parts, a peak
with a double maximum centered around 901 and a less
pronounced single peak at 2701; both features are compara-
tively narrow indicating that the l-vector tends to be perpendi-
cular to the k–k0 scattering plane. As can be seen in the bottom
panel of Fig. 1, the maximum at 901 corresponds to a deﬂection
caused by attractive interactions (negative deﬂection angles),
whereas that at 2701 is characteristic of a rebound repulsive
mechanism (positive deﬂection angles). For j 0 4 3 values, the
maximum around 901 disappears indicating that the excita-
tions of NO to these levels are just due to repulsive interac-
tions, as discussed in ref. 34. In addition the distribution
becomes wider and splits on top showing two peaks at the
edges. The gradual broadening of the distribution indicates
that the tendency of l to be perpendicular to the (k–k0)-plane
decreases with growing j 0. In the ﬁrst case, the trajectory,
which can be either attractive (fl E 901) or repulsive
(fl E 2701), is coplanar i.e. the scattering plane is perpendi-
cular to the initial (orbital) angular momentum vector l, as
illustrated in the lower part of the Fig. 1, where characteristic
trajectories are shown. In the second case the coplanarity is lost
and the scattering plane is no more perpendicular to l.
Renormalized polarization dependent diﬀerential cross sec-
tions, PDDCS,13 for selected values of the ﬁnal rotational
quantum number are shown in Figs. 6 and 7. The classical j 0
values chosen correspond to the NO rotational quantum
numbers presented in the work of Lorenz et al.30 For each
rotational level, the k ¼ 0, q ¼ 0 PDDCS is proportional to the
usual diﬀerential cross section (see section II). These classical
DCSs and their evolution with the rotational quantum num-
ber, including the appearance of a forbidden scattering range
toward lower angles with increasing j 0, were already commen-
ted on in a previous publication.34 The rest of the PDDCSs
displayed contain in principle the stereodynamical information
needed for comparison with the measurements of refs. 30 and
31 and their individual physical meaning is the same as that
of the corresponding polarization parameters already shown in
Fig. 2, but resolved in scattering angles. The r{2}0þ and r
{2}
2þ
Fig. 4 Left: Probability distribution P(cos yj0), as a function of cos
(yj0) for some speciﬁc values of j0. This distribution contains informa-
tion about the alignment of j0 with respect to k, and thus it is symmetric
about yj0 ¼ 901. Right: Distribution of the dihedral angle fj0 between
the (k–k0)- and the (k–j0)-planes. This distribution contains information
about the orientation of j0 with respect to the (k k0)-axis.
Fig. 5 Left: Probability distributions of the cosine of the angle
between the initial orbital angular momentum l and the rotational
angular momentum of the NO product, as a function of the angle
between both vectors ylj0 for the same j0 states shown in Fig. 4. In the
four cases, the vectors are predominantly parallel, although for the
three lower values of j0 there is still an important contribution of anti-
parallel conﬁgurations. For j0 ¼ 15, both vectors are mostly parallel.
Right: Distribution of the dihedral angle fl between the (k–k0)- and the
(k–l)-planes. For j0 ¼ 2 the distribution shows two contributions, one
around 901, mainly due to attractive contributions, and the second
peak, centered at 2701, that increases for large values of j0, that
corresponds to the repulsive interactions. The small width of both
peaks, indicates that the l vector tends to be perpendicular to the
(k–k0)-plane.
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PDDCSs for j 0 ¼ 8 and j 0 ¼ 15 can be directly compared to the
A{2}COL0þ and A
{2}COL
2þ of ref. 31 (see Figs. 3 and 4 of this
reference) just by taking into account the constant conversion
factor mentioned above. The agreement between the present
values and the calculations of ref. 31 is good in the classically
allowed angular range. In both cases, for j 0 ¼ 8 no appreciable
alignment is found for the lower angles, but the rotational
angular momentum shows an increasing propensity to be
aligned perpendicular to k with growing scattering angle. The
measurements give the same qualitative trend, but the degree of
experimental alignment is smaller for the largest angles. For
j 0 ¼ 15 the calculations predict a more marked tendency for a
perpendicular alignment between j0 and k at low angles which
is again increased with growing scattering angle. The experi-
mental alignment is indeed already appreciable for the lower
angles, but it is always smaller than that from the theoretical
predictions and shows no deﬁnite trend over the whole angular
range.
With the data from Figs. 6 and 7 one can easily construct the
quantity Qj 0(y):
Qj0 ðyÞ ¼
6h
ð1Þ
j0 r
f1g
1 y; j
0ð Þ
4þ hð2Þj0 ðrf2g0þ ; j0Þ þ 3rf2g2þ y; j0ð Þ
h i ; ð21Þ
with
h(1)j 0 ¼ (j 0 þ 1) C [j 0(j 0 þ 1)]1/2 (22)
h(2)j 0 ¼ j 0/(2j 0 þ 3) (23)
for R-branch transitions.42 The essential orientational infor-
mation provided by Qj 0(y) is contained in the r
{1}
1(y,j 0)
polarization moment, which takes diﬀerent signs for the
two possible senses of rotation of the NO molecule after
the collision. Note that the sign of Qj 0(y) is opposite to that
of the corresponding r{1}1(y,j 0) due to the h
(1)
j 0 factor appearing
in eqn. (21).
Fig. 8 compares the classical Qj 0(y) with the theoretical and
experimental Qj 0(y) reported by Lorenz et al.
30 The ﬁrst lobe in
the QCT Qj 0(y) is negative for j 0 ¼ 6 and positive for the rest of
the rotational states considered. For the three largest j 0, the
angular range of this ﬁrst lobe extends to larger angles with
increasing j 0. This behaviour is in qualitative agreement with the
experimental and QM results. However, the QCT Qj 0(y) diﬀer
from the quantal and experimental Qj 0(y) in some important
aspects: they exhibit a neat angular threshold followed by a
sharp, too intense and narrow maximum and the oscillatory
pattern observed, for j 0 o 15 is less marked and shifted in
angles. The sharp increase observed in the QCT calculations is
due to the fact that the normalization of the various rq
{k}(y, j 0)
implies the division by ds00/do (see eqn. (6)), which is very close
to zero immediately after the classical angular threshold.
Fig. 8 also includes the results of a simple classical model
based on hard sphere–rigid ellipsoid collisions, reported also
by Lorenz et al.30 As expected for a classical model, a for-
bidden angular range increasing with growing j 0 is also found
here although the sharp post-threshold rise like the one de-
scribed in the previous paragraph, has not been represented.
This impulsive model predicts an appreciable rotational orien-
tation (i.e. Qj 0(y) a 0) for certain scattering angles, but Qj 0(y)
only shows a small oscillation around zero in the angular range
o901 for j 0 ¼ 8 and 10, in contrast with the QM results and
with the experimental observations. The authors advance two
possible explanations for this deﬁciency: the neglect of the
attractive part of the potential in the simple model based on
rigid bodies, or the inability of the classical approach to
account for interference eﬀects. The present QCT Qj 0(y),
Fig. 6 Polarization-dependent diﬀerential cross-section (PDDCSs)
for j0 ¼ 6 (left column) and for j0 ¼ 8 (right column). Top panels in
both columns are the diﬀerential cross sections.
Fig. 7 Same as Fig. 6 j0 ¼ 10 (left column) and j0 ¼ 15 (right column).
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derived from calculations carried out on an accurate PES,
show some large-angle oscillations between positive and nega-
tive values for the lowest j 0, and suggest that the consideration
of the attractive part of the potential can give an additional
mechanism allowing for a diﬀerent sense of rotation in the
excitation of a given state of NO. However, the amplitude of
these oscillations is small and they do not appear at the same
angles as those from experiment and from QM calculations.
The classical description, even with the consideration of an
accurate potential including attraction, is thus insuﬃcient to
account for the observations. Most probably QM interference
eﬀects are responsible for the observed oscillatory pattern as
suggested by Lorentz et al.30 and by Althorpe.43
An additional diﬀerence between the classical ellipsoid
model of refs. 30,31 and the present QCT calculations consists
in the dimensions of the ellipsoid used in these references. The
authors quote values of 3.63 and 2.82 A˚ for the major and
minor axis respectively. These values were ﬁtted to obtain a
good agreement with the position of the rotational rainbows
in the diﬀerential cross section. In the present work the full
ab initio Vsum potential of ref. 32 is used without any adjust-
ment. Actually, the values of the axes obtained with this
potential for the zero energy contour, that is for the purely
repulsive potential, are 3.75 and 3.2 A˚. The diﬀerent dimen-
sions of the two ellipsoids are most probably responsible for
the diﬀerences found between the present calculations and the
classical results from refs. 30,31 for the scattering into the
excited NO levels where attractive interactions are negligible.
In the experiment and in all the calculations the largest
orientation and alignment with respect to k is obtained for
the highest rotational excitation (j 0 ¼ 15). This result can be
rationalized by taking into account that this high excitation
regime, dominated by repulsive interactions,34 leads to a near
complete transfer of the collision energy into molecular rota-
tion. Under these conditions, that necessarily imply a small
recoil velocity, a subsequent collision (‘‘chattering’’) may take
place without perceptible motion of the slow moving atom.44,45
The net eﬀect may be a considerable reduction in the rotational
energy of the outgoing molecule. In order to maintain the high
rotational excitation, the atom must hit the molecule close to
one of its ends and the molecular axis must rotate away from
the deﬂected atom. If the molecular axis rotates toward the
slowly moving atom a ‘‘second collision’’ leading to de-excita-
tion will take place.44 This condition imposes the observed
correlation between the sense of rotation and the (k–k0)-plane.
Chattering collisions are frequent in the Ar–NO system
under consideration, and can be easily visualized in the present
QCT calculations. In Fig. 9, two trajectories leading initially to
NO (j 0 ¼ 15) are compared; in the ﬁrst of them (upper part) the
excitation is maintained while the collision partners ﬂy apart.
In the second (lower part), the molecule becomes partially de-
excited after experiencing a second collision with the slow
moving atom. Note that in the course of the ﬁrst trajectory,
the ArO distance, RArO, reaches an appreciably smaller value
than the ArN distance, RArN, and that the center of mass
distance, RAr–NO, increases markedly immediately after the
RArO minimum as the molecule rotates away from the depart-
ing atom. In contrast, when a ‘‘second collision’’ takes place
RAr–NO does not vary much during the time between the
minima of RArN and RArO, which have approximately the
same value. The slower variation of RAr–NO is associated with
the chattering process in which the rotating molecule ap-
proaches the atom. This increase in the interaction time due
to the chattering leads likely to a decrease in the orientation
and alignment of the ﬁnal rotational angular momentum,
which is reﬂected, for instance, in the smaller (absolute) values
of the a{1}1 and a
{2}
0 for j
0 ¼ 10 as compared with those for j 0 ¼
15 (see Fig. 3). In any case, the rotational motion leading to the
‘‘second collision’’ is only a fraction of the full rotational
period of the molecule. It must be stressed that the deﬁnition
of a chattering collision adopted in this work is based on: (i) a
maximum in the translational to rotational energy transfer
followed by a decreases in the rotational excitation of the
diatom with respect to this maximum value (ii) neat consecu-
tive interactions with the two ends of the molecule. These two
conditions are reﬂected in the trajectory portrayed in the lower
panels of Fig. 9. With the mass ratio of the Ar–NO system, it
cannot be expected that the Ar moves away appreciably during
the course of the interaction. A chattering collision under these
conditions is not necessarily characterized by two well separate
collisions in which the potential switches oﬀ and on, but rather
as a somewhat prolonged collision in which the molecule has
some time to rotate. In this sense, chattering is relatively
frequent in reactive collisions even for systems in which long
lived trajectories can be ruled out completely.
Note that in Fig. 9 the trajectory leading to the highest ﬁnal
excitation corresponds to a relatively large impact parameter,
b, within the repulsive regime, (but certainly much smaller than
the b values larger than 4 A˚ characteristic of attractive inter-
actions that can lead to the excitation of low j 0).34 This is found
to be a general behaviour: relatively large impact parameters
and a near perpendicular orientation between the k vector and
the internuclear axis of the molecule favor a large transfer of
momentum and impart the appropriate sense of rotation
allowing the ‘‘escape’’ of the atom before a second collision
takes place, in accordance with intuitive expectations. Shorter
impact parameters and smaller angles between k and the
internuclear axis are required in order to let the molecule
Fig. 8 Comparison of the Qexp(y) factor (left panels) and the Qcal(y)
(right panels) for the speciﬁed j0 values. In the results shown in the right
column, the solid thick line are the present results, while the QM results
(thick dotted line), and the classical calculation of the ellipsoid model
(narrow line) are taken from ref. 30. Also the experimental data, in the
left column, is taken from this reference.
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rotate towards the departing atom and provoke a second
interaction with the opposite molecular end before the collision
partners ﬂy apart.
Based on the relative decrease of the rotational energy,
‘‘chattering collisions’’ can be quantiﬁed more precisely. As
an instance, calculations carried out for trajectories ending into
j 0 ¼ 8 show that E38% of them have reached a rotational
energy slightly larger than that corresponding to j 0 ¼ 9. The
eﬃciency of a ‘‘second collision’’ to reduce the maximum
rotational energy decreases rapidly as DErot increases. As an
example, only 9% of the trajectories into j 0 ¼ 8 arise from
trajectories whose maximum rotational energy was that corre-
sponding to j 0 Z 13; that is, with DErot Z 18.6 meV. As
commented on above, chattering collisions require suﬃciently
small impact parameters. The maximum b for trajectories
ending in j 0 ¼ 8 is 3.7 A˚, however no chattering is found for
trajectories with b 4 3 A˚. For chattering from a maximum
rotational energy corresponding to j 0 Z 13, the maximum
impact parameter is only 1.9 A˚. In addition, those trajectories
experiencing a second encounter are more isotropically dis-
tributed in the relevant directions of the angular momenta
involved. For example, the directions of the initial orbital
angular momentum and the rotational angular momentum of
the outgoing molecule are less correlated for chattering colli-
sions. Trajectories leading directly to j 0¼ 8 show an appreci-
able alignment between the two vectors, i.e. j0 and l are
predominantly parallel and to a lesser extent antiparallel. In
chattering trajectories, parallel and antiparallel orientations
between these two vectors have the same propensity, and
moreover the distribution is considerably more isotropic.
IV. Summary and conclusions
The present QCT results predict a distinct evolution in the
stereodynamical properties of the Ar þ NO(j ¼ 0) rotational
excitation at 66 meV with increasing ﬁnal rotational state of
the NO molecule. In particular, a strong orientation of the ﬁnal
rotational angular momentum j0 with respect to the scattering
k–k0 plane is found for the highest accessible j 0 levels in
qualitative agreement with experimental and quantum me-
chanical data. Secondary collisions of the fast rotating mole-
cules with the slow moving atom are found in the calculations
and can induce a depletion of the highest excited rotational
states of NO, selective to the sense of rotation.44
For the excitation of the lower j 0 values, the QCT calcula-
tions, that involve the attractive part of the Ar–NO potential,
allow for two mechanisms (attractive and repulsive) of rota-
tional excitation that lead to preferential sense of rotation over
a given angular range. However the observed oscillations in the
sense of rotation are less marked than those from quantum
mechanics and experiment and not entirely coincident in angle.
Additional eﬀects, most likely interferences as pointed out by
Lorenz et al.30 and by Althorpe,43 are needed to account for
the actual oscillatory pattern observed in the experiments.
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